Endochondral ossification is a developmental process by which cartilage is replaced by bone. Terminally differentiated hypertrophic chondrocytes are calcified, vascularized, and removed by chondroclasts before bone matrix is laid down by osteoblasts. In mammals, the malleus is one of three auditory ossicles that transmit vibrations of the tympanic membrane to the inner ear. The malleus is formed from a cartilaginous precursor without growth plate involvement, but little is known about how bones of this type undergo endochondral ossification. Here, we demonstrate that in the processus brevis of the malleus, clusters of osteoblasts surrounding the capillary loop produce bone matrix, causing the volume of the capillary lumen to decrease rapidly in post-weaning mice. Synchrotron X-ray tomographic microscopy revealed a concentric, cylindrical arrangement of osteocyte lacunae along capillaries, indicative of pericapillary bone formation. Moreover, we report that overexpression of Fosl1, which encodes the AP-1 transcription factor Fra-1, in osteoblasts significantly blocked malleal capillary narrowing. These data suggest that osteoblast/endothelial cell interactions control growth plate-free endochondral ossification through "osteogenic capillaries" in a Fra-1/ AP-1-regulated manner.
INTRODUCTION
Angiogenesis and osteogenesis are closely linked during bone development, remodeling, and regeneration (Boerckel et al., 2011; Street et al., 2002; Wan et al., 2010; Xie et al., 2014) . From the largest skeletal element (femur) to the smallest (auditory ossicles), most mammalian bones are formed through endochondral ossification. Two critical components of this process are neovascularization and cartilaginous to bony replacement of extracellular matrix constituents (Ortega et al., 2004) . Cartilaginous precursors are initially avascular, but when chondrocytes become hypertrophic, they secrete angiogenic factors such as vascular endothelial growth factor (VEGF) (Gerber et al., 1999; Maes, 2013) . This activity in turn stimulates cartilage invasion by capillaries and chondroclasts, which remove cartilage within the perichondrium. Bone formation by osteoblasts then fills the resulting empty space (Maes et al., 2010) . Coupling of angiogenesis and osteogenesis during development has been characterized primarily by analyzing the chondro-osseous junction of the metaphyseal growth plate in long bones (Kusumbe et al., 2014) . While the highly organized columnar structure of the growth plate facilitates understanding of the morphological features of endochondral ossification (Kronenberg, 2003; Vu et al., 1998) , the ossification process of growth plate-free cartilage is not well defined.
The malleus is one of three auditory ossicles in the middle ear, which ossifies without growth plate. Vibration of the tympanic membrane is transmitted to malleus, incus, and stapes, and then to the inner ear. Several characteristics of a short projection of the malleus known as the malleal processus brevis (mPb) make it an ideal system to analyze the non-growth plate type of endochondral ossification. First, the mPb is hemispherical in Development • Advance article the mPb (Fig. 1C,D) . To visualize osteoblasts, we generated transgenic reporter mice expressing the Aequorea coerulescens green fluorescent protein (AcGFP) under control of the Col1a1 (collagen, type I, 1) promoter. In the line showing highest AcGFP expression ( Fig. S1A to C) , the mPb exhibited dots of green fluorescence, suggestive of osteoblast clusters (Fig. 1E ).
We next visualized capillaries in the mPb using micro-computed tomography (micro-CT) at P21, when mice are weaned, and thereafter. At P21, the mPb contained capillaries with large lumens (Fig. 1F) . Remarkably, compared with P21 capillaries, P56 capillaries were reduced in diameter, as shown in horizontal and vertical cross sections ( Fig. 1F ) and in 3D volume renderings (Fig. 1G) . In both males and females, capillary volume decreased rapidly during the first two weeks after weaning (P21 to P35) and then more gradually during an additional month (Fig. 1H) . During that process, total mPb volume remained largely constant, while bone matrix volume increased (Fig. 1I) . We conclude that reduced capillary volume was due to decreases in both the number and cross-sectional area of capillaries ( Fig. 1J,K) .
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Osteoblasts and osteocytes are located around narrowing capillaries
We next examined the mPb in histological sections. Hematoxylin and eosin (H&E) staining of mPb cross sections at P21 revealed a large area containing capillary lumens surrounded by bone matrix ( Fig. 2A) . At this stage, chondrocytes and cartilage matrix were largely absent from the mPb, as confirmed by an almost total lack of toluidine blue staining of cartilage ( 
Osteocyte lacunae are arranged around the capillary loop
To further assess the arrangement of osteocytes around capillaries, we examined osteocyte lacunae in the mPb of adult mice. Synchrotron X-ray tomographic microscopy of the isolated malleus enabled us to visualize both capillaries and osteocyte lacunae in reconstructed 3D images (Fig. 3A) . Interestingly, elongated osteocyte lacunae tended to be located along a capillary loop (Fig. 3B,C) . Furthermore, we detected concentric distribution of osteocyte lacunae around capillary segments (Fig. 3D ). Various capillary segments Development • Advance article demonstrate that bone formation occurs around osteogenic capillaries composed of osteoblasts and endothelial cells.
Fra-1 overexpression antagonizes the decrease in capillary volume in the mPb
Our observations suggest that capillary endothelial cells may contribute to regulation of pericapillary bone formation. Given that Fra-1 functions as an osteogenic factor (Eferl et al., 2004; Jochum et al., 2000) , we analyzed capillary volume in transgenic mice constitutively and ubiquitously expressing Fra-1 under control of the H2-K b (H-2 class I histocompatibility antigen, K-B  chain) promoter (Jochum et al., 2000) . Intriguingly, the mPb of these mice showed significantly larger capillary volume relative to wild-type mice (Fig. 5A ). When we quantified volume, number and size of capillaries, we found that constitutive Fra-1 expression blocked normal reduction in capillary volume and number (Fig. 5B,C) , while capillary size was not significantly altered (Fig. 5D ).
We then analyzed inducible Fra-1 transgenic (Fra-1 tetON ) mice (Hasenfuss et al., 2014) after Fra-1 induction for three days from P28 to P31 with food containing doxycycline (dox).
Double-immunofluorescence staining revealed that Fra-1-expressing cells surround endomucin-positive endothelial cells (Fig.6A) . The nuclei of osteocalcin-positive osteoblasts were stained with anti-Fra-1 antibody (Fig. 6B ), indicating that osteoblasts express Fra-1 in Fra-1 tetON mice. Endogenous Fra-1 expression in the mPb was also osteoblast-specific, although Fra-1 was expressed at lower levels than in transgenics ( Fig.   S4 ), suggesting that transgenic Fra-1 expression mimics endogenous Fra-1 expression in the mPb.
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To evaluate phenotypes after a longer period of Fra-1 overexpression, we treated mice with dox-containing food from P21 to P56. This was accompanied by the appearance of capillaries larger than those seen in non-induced controls, based on 3D renderings (Fig. 6C,   Fig. S3 ). Histological sections revealed abundant pericapillary osteoblasts in mPb of Fra-1 tetON mice at P56, suggesting that larger capillary volume was not due to a decreased number of osteoblasts (Fig. 6D ). When we quantified capillary volume and number, both were significantly greater in Fra-1 tetON mice than in controls (Fig. 6E) , while capillary size did not differ significantly. These data demonstrate that Fra-1 antagonizes reduced capillary volume and number in the mPb. Collectively, this study reveals that "osteogenic capillaries" exist in the ossifying malleus, a system similar to but clearly distinct from osteons (see Discussion).
DISCUSSION
In this study, we analyze the ossifying malleus to assess cellular and molecular regulation of angiogenesis/osteogenesis coupling in the absence of a growth plate. We conclude that endothelial cells and osteoblasts interact with each other spatially and functionally in osteogenic capillaries during endochondral ossification.
At postnatal week three, the mouse mPb exhibits large vascular lumens lined by endothelial cells surrounded by bone matrix. Differentiated osteoblasts are reportedly polarized relative to the site of bone matrix deposition (Izu et al., 2011 ). In our model, apical surfaces of osteoblasts face the concave surface of preexisting bone matrix, and basal surfaces attach the convex surface of endochondral capillaries (Fig. 7A, P21 ). We found that osteoblasts located around capillaries within the mPb at this stage are polarized to produce bone matrix away from endothelial cells and that lumen diameter rapidly decreases as bone formation proceeds over the next two weeks (by P35). A fraction of osteoblasts becomes embedded in bone matrix as osteocytes once the vascular lumen narrows (by P56).
High-resolution synchrotron X-ray tomographic microscopy of the mPb also revealed that blood capillaries apparently control the orientation of the longest axis of osteocyte lacuna, which is largely parallel to the orientation of curved capillary segments. This parallel relationship between the central blood vessel and surrounding osteocyte lacunae is reminiscent of osteons, or Haversian systems, in cortical bone of larger mammals, including humans. An osteon consists of a longitudinally-oriented central canal surrounded by concentric layers of bone matrix with osteocyte lacunae (Parfitt, 1994) (Fig. 7B) . In both osteon-like structures we observe in the mouse mPb and true osteons in cortical bone of Development • Advance article larger mammals, osteoblasts fill the tunnel with new bone matrix from the outermost layer inwards towards blood vessels. However, there are differences between these processes. Scale bars: 1 mm (femur and scapula), 2 mm (tibia), and 0.5 mm (lumbar vertebrae). 
